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Abstract

Introduction. Artificial materials used in regenerative medicine induce a balanced inflammatory response after implantation, which is an
important step for effective regeneration of damaged bone tissue. The contact of the implant with tissues and biological fluids is accompanied by
the deposition of blood proteins on its surface, which contributes to the activation of the complement system and initiates blood clotting, leading
to the formation of a fibrin clot. On the surface of the implant, fibrin ensures the adhesion of stem cells and their maturation into fibroblasts that
produce collagen and its derivatives. The formed extracellular matrix is the basis for the formation of a tissue structure (callus). To prevent the
development of postoperative pathological conditions caused by hypercoagulatory syndrome, therapeutic strategies with anticoagulants such as
heparin are used. However, their use limits the formation of a fibrin clot in vivo, which may slow down the migration of mesenchymal stromal cells
(MSCs) and the subsequent formation of callus.

Aim. To investigate of the effect of heparin at pharmacological concentrations on stemness and the ability of MSCs from human adipose tissue to
undergo osteogenic differentiation under conditions of in vitro cultivation.

Materials and methods. To assess the morphofunctional state of cells cultured in the presence of heparin, 2 experimental groups
were formed: 1) MSCs in the presence of heparin at a therapeutic concentration (1.3 1U/ml); 2) MSCs in the presence of heparin at a toxic
concentration (13 1U/ml).

Results and discussion. Flow cytometry results showed that the addition of heparin at both concentrations used in the study to MSC culture
leads to an increase in the number of cells expressing the surface markers CD73 and CD90, indicating the maintenance of their stem state. On
the other hand, a stimulatory effect of heparin at both concentrations used on the transcription of mRNA of osteogenic genes (BMP2, BMP6,
ALPL, RUNX2, BGLAP and SMURF1) in MSCs was also observed, which may indicate the osteogenic potential of heparin for the cell culture
studied.

Conclusion. The results of the study are useful for regenerative medicine related to the use of MSCs in clinical practice; they may serve as a
prerequisite for the development of new therapeutic strategies for orthopedic and traumatologic patients at high risk of postoperative thrombosis
after endoprosthetics surgery and osteosynthesis.
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Pesiome

BBepeHme. lcKyccTBeHHble MaTepuanbl, NPUMEHAeMble B pereHepaTVBHOW MejuuuHe, Npu WMMAaHTauuM WHAYUUPYIOT pasButme
cbanaHCMpoBaHHON BOCMANUTENbHON peakuun, YTo ABAAETCA KIOUYEeBbIM 3Tanom Ana 3¢PpeKTUBHON pereHepauumy NMOBPEKAEHHOW KOCTHON
TKaHW. KOHTaKT MniaHTaTa ¢ TKaHAMU 1 BMONOrMYeCKUMIN XKNAKOCTAMU CONMPOBOXAAETCA OCaXKAeHMeM 6eNkoB KPOBY Ha ero rnoBepxHOCTH,
4TO CNOCO6CTBYET akTMBALMM CUCTEMbl KOMMIEMEHTa U MHULMNPYET KoarynaLMOHHbBIN remocTas, NpuBoAALniA K o6pasoBaHuio GprbpMHOBOro
crycTka. Ha nosepxHocTu umnnaHtata $ubpmnH obecneumBaeTt agresunio CTBONOBLIX KNETOK, X co3peBaHue B ¢pubpobnactbl, npogyumpyoLme
KoJfnareH u ero npounssoaHble. O6pasyoWminca BHEKIETOUHDBIN MAaTPUKC NIEXNT B OCHOBE GOPMUPOBaHNA TKAHEBOW CTPYKTYpPbI (KOCTHOW MO30JIN).
[lna npepoTBpaLleHna pa3sBUTUA NOCTONEPALIMOHHbIX MAaTONOMMYECKNX COCTOAHMUN, BbI3BaHHbIX MMNePKoaryaaLuMOHHbIM CUHAPOMOM, NCMOMb3YIOT
TepaneBTUYeCKMe cTpaTernn C NPYMEHeHNeM aHTUKOaryaHToB, Takmx Kak renapuH. OgHaKko nx 1Mcnonb3oBaHWe orpaHnunBaeT obpasosBaHue
cryctka ¢pubpuHa in vivo, 4To MOXKeT 3aMefIATb MUTPaLMI0 MYJIbTUMOTEHTHBIX ME3eHXUMaJIbHbIX CTPOMasbHbIX KneTok (MMCK) u nocnegytolee
dopMmpoBaHmMe KOCTHO MO30IK.

Llennb. M3yueHne BnAHMA renapuHa B $papmakonormyeckmx KOHLEHTPaLUAX Ha «CTBONOBOCTb» 1 cnocobHocTb MMCK »u1poBoI TKaHM YenoBeKa K
ocTeoreHHoN AnddepeHLMPOBKE B YCNIOBUAX KYJIbTUBUPOBAHUA in Vitro.

Matepuanbl n metopbl. [1na oueHKM MOPPODYHKLUMOHANBbHOTO COCTOAHUA KNETOK, KyNbTUBMPYeMbIX B MPUCYTCTBUM renapuHa, 6bino
chopMupoBaHo 2 sKcnepumeHTasnbHble rpynnbl: 1) MMCK B npucyTcTBMM renapmHa B TepaneBTUYecKon KoHueHTpauuu (1,3 ME/mn); 2) MMCK B
NPUCYTCTBMU renapriHa B TOKCUYecKol KoHueHTpauuu (13 ME/mn).

Pe3synbTtatbl 1 06¢cyxxpeHue. o pesynbratam NPOTOYHOW LUTOMETPUN GblNO BbIABNEHO, YTO AobaBfieHNe renaprHa B 06enx 1Crnosib3yemblx B
nccnefoBaHnmM KOHUEHTpaumax B KynbTypy MMCK nprBoAnUT K yBENMYEHMIO YNCa KNETOK, SKCNPeCcCUpYoLmMxX NOBEPXHOCTHbIe Mapkepbl CD73 n
CD90, uTo cBMAETENbCTBYET O COXPaHEHNM X CTBONOBOrO COCTOAHMA. C IpYroi CTOPOHbI, BbIABIEHO CTUMY/MpPYIOLLee AeiiCTBUE rernapuHa Takxe
B 06erx UCnonb3yembix KOHLEHTpaUuax Ha TpaHckpunumio B MMCK mPHK reHoB octeognddeperumposku (BMP2, BMP6, ALPL, RUNX2, BGLAP n
SMURF1), uTo MOXeT yKa3blBaTb Ha OCTEOreHHbI MOTeHLMan renapuHa AnAa uccneayeMon KynbTypbl KNeTok.

3aknioueHmne. PesynbTaThl NCCefoBaHNA NONE3Hbl ANA PereHepaTMBHOW MeAWLUHbI, CBA3aHHOW ¢ mcnonb3oBaHnem MMCK B KnuHunyeckon
NpaKTUKe; MOryT CNY>XUTb NPeAnoCbIIKON AnA pa3paboTKu HOBbIX TepaneBTUYeCKUX CTpaTernii Ana nayMeHToB opTornefoTPaBMaToNormMyeckoro
npo$uNA C BbICOKMM PUCKOM Pa3BUTUA NOC/IeonepaLMoHHbIX TPOMO030B Noc/e NpoBeAeHNA SHAONPOTE3NPOBAHUA N OCTEOCUHTE3a.

KnioueBble cnoBa: MCK, renapuH, in vitro, akcnpeccua reHos ocTeoanddepeHUnpoBKM, MapKepbl CTBONIOBOCTMN

KoH$pnuKT nHTepecoB. ABTOPbI AeKNaprpyOT OTCYTCTBME ABHBIX U MOTEHLMANbHBIX KOHQIMKTOB MHTEPECOB, CBA3aHHbIX C Mybnukaumeil HacToALen
cTatbm.

Bknap aBToposB. /. K. HopkuH, K. A. fOpoBa 1 O. . Xa3naxmaToBa agantupoBanu, pa3paboTany 1 NpoBenu 3KCrepumMeHTanbHoe KySibTUBMPOBaH/e
MCK. W. K. HopkuH, E. C. MenauieHko, B. B. ManaweHko u E. O. LLlyHbKNH npoBenun nccnefoBaHne ¢ UCNONb30BaHWEM NPeAcTaBfieHHbIX B CTaTbe
MHCTPYMEHTaNbHbIX METOLO0B, a TakXKe y4acTBOBanW B CO3fjaHn 6asbl faHHbIX W CTaTUCTUYECKO 06paboTKe pesynbTaToB. B HanncaHum TekcTa
cTaTbm n ee popabotke yuactBoBanu W. K. HopkuH, K. A. IOpoBa, A. H. baiikos, WU. A. XnycoB u J1. C JIntBnHoBa. B obcyxaeHnn pesynbraTtoB
yyacTBOBau BCe aBTOPbI.

®uHaHcupoBaHme. [ocyaapcTBeHHOe 3aAaHne B 06acTu HayuHon geatenbHoctu [No. FZWM-2020-0010 JiutBuHoBoi Jlapuci].
BnarogapHocTb. ABTOpPbI BblpaxatoT 6narofgapHocTb nporpamme passutuna Cu6rMY «Mpuoputet 2030».
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INTRODUCTION process for effective regeneration of damaged bone

. tissue [1]. Contact of the implanted material with
Implantable artificial materials and structures used o recipient’s tissues enhances this process and is

in regenerative medicine for osteosynthesis elicit an  accompanied by the deposition of a layer of proteins on its
inflammatory response upon contact with body tissue.  surface that initiate the complement system, components
The development of local inflammation is a necessary  of innate immunity, resulting in the activation of blood
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clotting and the formation of a fibrin clot (hematoma) [2].
The protein scaffold is embedded in a negatively charged
matrix of sulfated glycosaminoglycans (GAGs) such as
heparan sulfate and others, which interact with platelet-
derived growth factors, vascular endothelial growth
factor (VEGF) and transforming growth factor-3 (TGF-B).
This reduces the sensitivity of growth factors to enzymatic
degradation and develops a specific cellular-molecular
environment that regulates tissue regeneration [3]. The
bone callus, which forms on the surface of the implant
and is mainly composed of fibrin, collagen and elastin
molecules, provides the basis for the formation of the
tissue structure of the bone regenerate through the
migration and adhesion of stem cells. The formation
of a stable connection between the bone tissue of the
recipient bed and the surface of the implant with its
further osteointegration occurs [3]. Artificial surfaces
activate the hemostasis system and hypercoagulation
processes, creating the risk of thromboembolism of
the main arteries. To prevent the development of
postoperative complications caused by hypercoagulable
syndrome, therapeutic strategies with the use of
anticoagulant drugs, including anticoagulants (heparin,
warfarin) are used [1]. It should be noted that the use
of direct anticoagulants (especially heparin) limits the
normal formation of a fibrin clot in vivo, which slows the
migration of mesenchymal stromal cells (MSCs) into the
structure of the developing callus and also contributes
to the disruption of the processes of osseointegration of
implants and osteoreparation. Several research groups
report that glycosaminoglycans, especially heparin, are
potent co-stimulants of osteogenic signaling pathways.
For example, L. Ling et al. (2010) found that heparin
activates the Wnt signaling pathway through physical
interaction with the Wnt3a ligand, thereby enhancing the
differentiation of MSC to osteoblasts [4].

The aim of this study was to investigate the effect
of heparin at pharmacological concentrations on the
expression of membrane markers of stemness of MSCs
in human adipose tissue and their ability to differen-
tiate in the osteogenic direction under in vitro culture
conditions.

MATERIALS AND METHODS

MSCs were obtained from human lipoaspirate (app-
roval no. 7 dated 12.09.2015 from the local ethics com-
mittee of IKBFU Innovation Park) and met the mini-
mum criteria for MSC: cell viability greater than 95 %;
adhesion to the surface of the culture plastic; expres-
sion of the membrane markers CD105, CD73 and CD90
in combination with minimal expression (<2 %) of
CD45/CD34 on the cell surface; the ability to differentiate
in three directions (osteogenic, chondrogenic and
adipogenic) [5]. To assess the morphofunctional state of
cells cultured in the presence of heparin, 2 experimental
groups were formed: 1) cultivation of MSC in the presen-

ce of heparin at a therapeutic concentration (1.3 1U/ml);
2) cultivation of MSC in the presence of heparin at a toxic
concentration (13 IU/ml). A model of MSC cultivation
in a complete culture medium based on DMEM/F12
served as a control. To assess the response of cells in the
presence of heparin (Belmedpreparaty, Belarus), MSC
(1x10° cells/ml) were cultured in sterile 12-well apart-
ment-bottomed plastic plates (Orange Scientific, Bel-
gium) in 2 ml of complete culture medium (PPS ) (90 %
DMEM/F12 (1:1) (Gibco Life Technologies, USA), 10 %
FBS (Sigma Aldrich, USA), 50 mg/l gentamicin (Invitro-
gen, UK), 280 mg/I L-glutamine (Sigma Aldrich, USA) for
14 days at 37 °C, 100 % humidity, with 5% CO2 with a
change of medium every 3-4 days. 130-095-198 (Miltenyi
Biotec, USA) according to the manufacturer’s protocol,
after which the cells were analyzed on a MACS Quant
flow cytometer (Miltenyi Biotec, Germany). The data were
processed using KALUZA Analysis software (Beckman
Coulter, USA).

To evaluate the change in mRNA transcription of
osteodifferentiation genes (BMP2, BMP6, ALPL, RUNX2,
BGLAP and SMURF1), total RNA was isolated from cells
using an aqueous solution of phenol and guanidine iso-
thiocyanate (ExtractRNA kit, Evrogen, Russia) accor-
ding to the manufacturer's protocol and the reverse
transcription reaction (MMLV kit, "Evrogen", Russia) was
performed. Multiplex PCR analysis with specific TagMan
probes (Beagle, Russia) was performed to determine
the relative mRNA expression of the genes. PCR was
performed using qPCRmixHS reagents (Evrogen, Russia)
and primers at a concentration of 10 pM. 4 uL of cDNA
was used as a template, and the RPLPO gene served as
a reference gene. The relative expression of the mRNA
genes was determined using the modified Pfaffl formula.
Statistical processing of the obtained data was performed
using statistical description methods and statistical
hypothesis testing methods. The sample was tested for
normality using the Kolmogorov-Smirnov test. Since
the data did not follow the law of normal distribution,
the median (M), 25 % quartile (Q1) and 75 % quartile
(Q3) were determined for descriptive statistics. To
evaluate the statistical significance of the differences, the
nonparametric Wilcoxon T-test was used for dependent
samples and the Mann — Whitney U-test for independent
samples. Statistical analysis of the results was performed
using the software package Graph Pad Prism version 8.0.1
(Graph Pad Software Inc, San Diego, CA, USA). Differences
were considered statistically significant at a significance
level of p < 0.05.

RESULTS AND DISCUSSION

MSC'’s stemness markers

According to the results of flow cytometry, in the
cultures with the addition of heparin at a concentration of
13 IU/ml, the content of cells carrying the surface marker
CD90 increased by 9 % compared to the control values
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Table 1. Expression of surface markers on MSC after 14 days of cultivation with heparin. For each group, the mean characteristics
of the sample were calculated: the median (M), the first and third quartiles (Q1 and Q3)

_ Proportion of living . . N
Study groups, n=3 cells, % CD90 CD73 CD105
Control group 80,4 78,97 78,22 17,93
(MSC w/o heparin) (78,75-84,46) (77,56-81,39) (74,03-78,97) (13,2-23,72)
. 82,08 79,79 84,59 18,97
MSC + heparin 1,31U/ml (80,26-82,58) (75,15-85,02) (84,24-95,72)* (16,36-22,26)
) 77,57 8791 87,26 34,43
MSC + heparin 13IU/m (64,31-79,13) (81,57-88,21)* (84,6-88.21)* (14,14-35.22)

Note. * Statistical differences (p < 0.05) compared to the control group according to the Mann — Whitney U test.

(p <0.05) (Table 1). Moreover, a statistically significant
increase in the number of CD73* cells was observed
after the addition of heparin at concentrations of
1.3 IU/ml (by 6 %) and 13 IU/ml (by 9 %). In a study by
H. Ali et al (2015), an increase in the percentage of cells
expressing the markers CD90 and CD73 indicated a poor-
ly differentiated state of the cell culture [6]. In an ex-
periment by Moraes D.A. (2016), a decrease in CD90
expression was associated with osteogenic and adipo-
genic differentiation of MSCs [7, 8]. CD90 is thought
to control the differentiation of MSCs by acting as an
obstacle to adherence during differentiation, thus
helping to maintain the "stemness" of the cell culture
under study [7]. However, there are also data suggesting
that the lack of CD90 on the cell surface is associated
with a decrease in the expression of proosteogenic
factors with a concomitant increase in the expression
of inhibitors of differentiation pathways (e.g. the Wnt
pathway) [9]. The data obtained in this experiment may
indicate a possible role of CD90 as a temporal marker
for the early differentiation of MSC in the osteoblastic
direction. CD73 has been identified as an underlying
mechanism for the conversion of adenosine with its
further effect on reducing the excessive reactivity of
platelets during the activation of blood coagulation [10].
Thus, cells with CD73 on their surface are able to inde-
pendently exert an anticoagulant effect. According to

the data obtained, heparin at the concentrations studied
(1.3 1U/ml; 13 1U/ml) contributes to a statistically sig-
nificant increase (compared to the control group; tab-
le 1) in the number of CD73* cells in MSC culture. Thus,
as a direct anticoagulant, heparin molecules are also
able to exert an indirect anticoagulant effect at the
cellular level through an increase in the proportion
of CD73* MSC cells.

Expression of genes for osteodifferentiation

It was found that the relative mRNA expression of
BMP2 and RUNX2 genes remained at the level of control
values when heparin was added to the MSC culture at
a therapeutic concentration (1.3 IU/ml) (figure 1). At
the same time, the anticoagulant at a concentration of
13 1U/ml statistically significantly (3-fold) increased the
transcription of their mRNA (figure 1).

W. Jang (2011) showed that BMP2 activates
Smad1/5/8 signaling, thereby regulating the transcrip-
tion of osteogenic genes and initiating the expression of
RUNX2 gene mRNA [11]. Therefore, the increase in rela-
tive mRNA expression of BMP2 and RUNX2 genes in the
presence of heparin at a toxic concentration (13 1U/ml)
may indicate the possible involvement of heparin in the
early stages of initiation of genes responsible for osteo-
genic differentiation of MSCs in vitro.

[-2]
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Figure 1. Level of relative expression of mRNA of RUNX2 and BMP2 genes associated with differentiation and maturation of MSC in
osteogenic direction after 14 days of cultivation. * Significant differences compared to control cell culture (w/o heparin)
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In the experiment, it was found that the addition of
heparin at a high dose (13 1U/ml) had no effect on the
level of relative expression of mMRNA of the genes BMP6
and ALPL compared with the values obtained when the
control group was evaluated (figure 2). No statistical
differences were found in the level of relative expression
of mRNA of BMP6 gene when heparin was added at a
concentration of 1.3 IU/ml (figure 2).

It is known that BMP6, together with BMP2, are
endogenous regulators of human osteoblast differen-
tiation and play a key role in skeletal development [12].
Although statistical analysis did not reveal significant
differences compared to control, there is a tendency
for an increase in BMP6 mRNA transcription (figure 2).
The authors of numerous studies reported a more sig-
nificant role of BMP6 in the induction of osteoge-
nic differentiation in vitro compared to the effect of
BMP2 [13]. Moreover, J. Z. Li et al (2003) demonstrated
that the induction of alkaline phosphatase by BMP6
adenoviruses was higher than that by BMP2 adenovi-
ruses [14].

In turn, heparin at a therapeutic concentration
(1.3 IU/ml) statistically significantly increased the level
of relative expression of ALPL gene mRNA compared
to the values obtained when the control group was
evaluated. ALPL induction, ALPL mRNA level and alkaline
phosphatase activity (ALP) are considered reliable
predictors of MSC differentiation into osteoblasts and the
ability to form bone tissue [15].

Figure 3 shows that the addition of heparin at a
high dose (13 IU/ml) resulted in a statistically significant
increase in the expression of the mRNA of the BGLAP
gene. BGLAP or osteocalcin is a small conserved
extracellular matrix protein lacking collagen that is
expressed during late osteoblast differentiation and is
abundant in bone tissue. The function of osteocalcin
is related to bone mineralization and synthesis of
mineralized extracellular matrix [16]. S. Kannan showed
that an increase in the expression of the mRNA of the
BGLAP gene is associated with the readiness of cells for
osteogenic differentiation, which was further confirmed
by the early appearance of preosteoblastic cells in this
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-
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Figure 2. Level of relative expression of mRNA of BMP6 and ALPL genes associated with differentiation and maturation of MSC in
osteogenic direction after 14 days of cultivation. * Significant differences compared to control cell culture (w/o heparin)
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Figure 3. Level of relative expression of mRNA of BGLAP and SMURF1 genes associated with differentiation and maturation of MSC in
osteogenic direction after 14 days of cultivation. * Significant differences compared to control cell culture (w/o heparin)



study [16]. The level of SMURF1 gene mRNA expres-
sion increased statistically significantly when heparin
was added to the MSC culture at both therapeutic
(1.3 IU/ml) and toxic (13 IU/ml) concentrations. It should
be noted that the expression of SMURF1 gene mRNA was
higher when heparin was added at a toxic concentration
(figure 3). In 2003, L. Xing first described the function of
SMURF1 in RUNX2 degradation and osteoblast function.
He showed that overexpression of the mRNA of this
gene induces proteasomal degradation of SMAD1 and
RUNX2 proteins in osteoblast progenitor cells. Moreover,
SMURF1 was shown to be the first E3 ligase identified
in the BMP pathway as a negative regulator of bone
cell function [17]. We mean here that the increased
expression of SMURF1 gene mRNA is directly dependent
on the increased expression of RUNX2 gene mRNA.
Thus, negative regulation of MSC differentiation towards
osteoblasts was induced in cells.

Thus, heparin at a therapeutic dose (1.3 IU/ml) sig-
nificantly stimulates the expression of ALPL and SMURF1
of the MSC osteodifferentiation genes in vitro. In turn,
the osteomodulatory effect of a high concentration of
the anticoagulant (13 IU/ml) is evident with respect to
the expression of BMP2, RUNX2, BGLAP and SMURF1
genes (figure 1-3). The differential epigenetic effect of
different doses of anticoagulant molecules remains to be
deciphered.

CONCLUSION

The addition of heparin to the MSC culture of
human adipose tissue in vitro leads to an increase in
the percentage of CD90* cells (at a concentration of
13 1U/ml) and CD73* cells (at concentrations of 1.3 IU/ml
and 13 1U/ml) after 14 days. These results may indicate
the stimulatory effect of heparin on the maintenance of
the stem state of the MSC culture with the readiness of
the cells to differentiate in the osteoblastic direction. It
should be noted that heparin can exert an independent
anticoagulant effect in MSC culture by increasing the
number of CD73" cells.

In general, heparin showed a stimulatory effect on
the expression of mRNA of various osteodifferentiation
genes at both therapeutic (1.3 1U/ml) and high
(13 IU/ml) concentrations. At the same time, a dose-
dependent increase in mRNA expression of the SMURF1
gene was observed at both doses of heparin. This gene
encodes an E3 ubiquitin-protein ligase that promotes
the degradation of RUNX2, which may indicate a transi-
tional state of the MSC culture between the stem state
and readiness for osteogenic differentiation.

The data we obtained argue for the complex rela-
tionships between the coagulation and anticoagulation
systems in the formation of hematomas and the regula-
tion of the processes of osteodifferentiation of MSC. In
this regard, the results are interesting for regenerative
medicine technologies. On the other hand, they should

JoKknuHuYecKkue u KNIUHUYecKue uccnedosaHus
Preclinical and clinical study

be taken into account in postoperative treatment of
patients with a high risk of postoperative thrombo-
sis in arthroplasty of large joints and osteosynthesis of
fractures.
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